Introduction {#s1}
============

The incidence and prevalence of type 2 diabetes are increasing among children ([@B1]--[@B6]). The reasons for this are multifactorial, but animal and human studies have shown that intrauterine exposure to maternal preexisting diabetes or gestational diabetes mellitus (GDM) is associated with higher risk for altered offspring glucose metabolism ([@B7]--[@B11]). However, the relationship between maternal glucose levels across the spectrum of glucose values and childhood glucose metabolism is not known.

The Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study recruited a multinational, racially and ethnically diverse cohort of women and showed that glucose levels below those diagnostic of diabetes were associated with adverse pregnancy outcomes ([@B12]). This led to new diagnostic criteria for GDM proposed by the International Association of the Diabetes and Pregnancy Study Groups (IADPSG) ([@B13]). HAPO also demonstrated that the relationship between maternal glucose during pregnancy and newborn outcomes, including birth weight, sum of skinfolds, and cord C-peptide greater than the 90th percentile, was progressively higher across increasing categories of maternal glucose at 28 weeks of gestation. Whether similar relationships exist between maternal glucose levels during pregnancy across the continuum and childhood metabolic outcomes is unknown.

The HAPO Follow-up Study (FUS) offered a unique opportunity to examine this question in a cohort not confounded by treatment during pregnancy. We recently demonstrated an inverse association of GDM, using IADPSG criteria, with insulin sensitivity and the disposition index and positive association with impaired glucose tolerance (IGT) in HAPO FUS children at ages 10--14 years ([@B11]). The current study examined associations of in utero exposure to maternal glucose across the spectrum, including levels less than those diagnostic for GDM, with child glucose metabolism in the HAPO FUS cohort.

Research Design and Methods {#s2}
===========================

HAPO was a population-based study in which women underwent a 75-g oral glucose tolerance test (OGTT) at ∼28 weeks of gestation ([@B12]). Fasting plasma glucose (FPG), 1-h, and 2-h plasma glucose (PG) were measured at a central laboratory ([@B12]). OGTT results remained blinded to caregivers and participants unless FPG \>5.8 mmol/L and/or 2-h PG \>11.1 mmol/L, either was \<2.5 mmol/L, or random PG at 34--37 weeks of gestation was ≥8.9 mmol/L ([@B12]). Using these criteria, the results of 427 participants (1.8%) were unblinded based on FPG and/or 2-h PG. Blinded participants were untreated. Height, weight, and blood pressure were measured using standardized procedures. Demographic and lifestyle characteristics, including age, self-reported race and ethnicity, and smoking or alcohol use during pregnancy, were collected via questionnaire and parity via medical record abstraction.

Participants {#s3}
------------

HAPO FUS participants were recruited during 2013--2016 from 10 of 15 HAPO field centers based on recruitment feasibility. HAPO FUS eligibility criteria included caregivers and participants being blinded to HAPO OGTT results, gestational age at delivery ≥37 weeks, and no major neonatal malformations or fetal/neonatal death. This yielded 15,812 eligible mother-child pairs. The recruitment target was 7,000 pairs, based on the primary childhood outcome of overweight/obesity ([@B14]). Multiple attempts were made to contact all eligible participants through local Institutional Review Board (IRB)--approved means. Of the 15,812 eligible pairs, 6,490 could not be contacted and 4,488 declined participation ([Supplementary Fig. 1](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc18-2021/-/DC1)). A total of 4,834 children completed all or part of the HAPO FUS visit. OGTT completion was not required for participation. One child was excluded due to inadequate fasting and a second for lack of cooperation. Of the remaining 4,832 children, data were analyzed from 4,160 who had an FPG and at least one other timed OGTT measurement or reported having diabetes on treatment and were not excluded for having type 1 diabetes by antibody testing (see below).

Each center's IRB approved the protocol. All mothers provided written informed consent for their child, and children assented where required by the local IRB. There was an external Observational Study Monitoring Board.

Study Visit {#s4}
-----------

Height was measured twice without shoes to the nearest 0.5 cm with a stadiometer and again if results differed by \>1.0 cm. Weight was measured twice to the nearest 0.1 kg and again if results differed by \>0.5 kg.

Participants underwent a 2-h OGTT with a glucose load of 1.75 g/kg body wt (maximum 75 g) after an 8-h overnight fast, with samples drawn for glucose and C-peptide at fasting, 30 min, 1 h, and 2 h, and fasting A1C. If the mother reported that the child had pharmacologically treated diabetes, only a nonfasting blood sample was collected. All samples were processed at the field center laboratory and stored at −80°C until shipment to the Central Laboratory.

Skinfolds (triceps, subscapular, suprailiac) were measured twice with calibrated calipers (Harpenden, London, U.K.) to the nearest 0.1 mm and again if results differed by \>1.0 mm. Fat percentage was measured by air displacement plethysmography (BOD POD; COSMED, Rome, Italy). Tanner staging was performed by trained individuals using breast/areolar development and testicular volume (Prader orchidometer). Child's age, first-degree family history of diabetes, and menstrual history for girls were collected from the mother via questionnaire.

Laboratory Measurements {#s5}
-----------------------

Glucose was measured by hexokinase and A1C by standard methods in Northwestern Memorial Hospital's Clinical Chemistry Laboratory on a Beckman Coulter SYNCHRON LX analyzer. Blinded duplicate samples were assayed several weeks apart. Coefficients of variation (CVs) were calculated within pairs for a random 10% subset; mean CV was 1.5% for fasting, 1-h, and 2-h PG, 1.3% for 30-min PG, and 3.1% for A1C. C-peptide was measured in Northwestern's Comprehensive Metabolic Core using electrochemiluminescence immunoassay on a Roche cobas e 411 analyzer ([@B15]). Mean CVs were 2.8% for fasting, 2.9% for 30-min, 3.0% for 1-h, and 3.2% for 2-h C-peptide. Type 1 diabetes was evaluated with autoantibodies, as previously described ([@B14]), in children reported to have diabetes on treatment (*n* = 9) and in children with OGTT values indicative of diabetes (*n* = 5). Of these 14 children, 4 had positive antibody results and were excluded.

Calculations {#s6}
------------

The Matsuda index was calculated using C-peptide levels from the child OGTT to determine insulin sensitivity ([@B16]). The insulinogenic index, a measure of insulin secretion, was calculated using C-peptide levels and defined as ΔC-peptide (fasting -- 30-min, nmol/L)/Δglucose (fasting -- 30-min, mmol/L) ([@B17]). The disposition index, a measure of pancreatic β-cell function, was calculated as the product of Matsuda and insulinogenic indices and log transformed ([@B18]).

Outcomes and Predictors {#s7}
-----------------------

Dichotomous outcomes in this analysis were child impaired fasting glucose (IFG) (FPG 5.6--6.9 mmol/L according to American Diabetes Association criteria \[[@B19]\]) or impaired glucose tolerance (IGT) (2-h PG 7.8--11.0 mmol/L). Cases of type 2 diabetes were too few for meaningful analysis (*n* = 10) (FPG ≥7.0 mmol/L and/or 2-h PG ≥11.1 mmol/L or self-reported diabetes on treatment at HAPO FUS visit). Additional outcomes were continuous measures using fasting, 30-min, 1-h, and 2-h PG and C-peptide levels and A1C from the child OGTT. An integrated measure of child glucose was obtained using the sum of individual glucose *z* scores, calculated by subtracting the mean glucose level, dividing by the SD for each time point, and summing these individual "*z* scores." Insulin sensitivity and secretion were examined using Matsuda, insulinogenic, and disposition indices.

Primary predictors were maternal fasting, 1-h, and 2-h PG during the HAPO pregnancy OGTT, scaled by their SDs, and the sum of their *z* scores using means and SDs for timed glucose measurements from the HAPO Study. Child outcome frequencies and associations were also examined according to maternal glucose categories. Five categories for each glucose measure were defined according to original HAPO analyses and IADPSG GDM diagnostic thresholds. The fifth and highest category for each measure corresponded to IADPSG GDM diagnostic thresholds (FPG ≥5.1 mmol/L, 1-h PG ≥10.0 mmol/L, 2-h PG ≥8.5 mmol/L) ([@B13]). The lowest three categories for each measure were the same as those used for analyses of glucose during HAPO. The fourth category included values between the third and fifth categories. Maternal HAPO pregnancy OGTT glucose levels at fasting, 1-h, and 2-h were also grouped into classes based on their trajectory over the time points of the pregnancy OGTT, as described below. These classes were evaluated for association with child metabolic outcomes.

Statistical Analyses {#s8}
--------------------

HAPO FUS data were summarized using frequencies and counts for categorical variables and means and SDs for continuous variables. Histograms and box plots were examined to determine the shape of distributions and identify potential outliers. For dichotomous child IFG and IGT outcomes, multiple logistic regression was used to evaluate associations with maternal glucose predictors. For continuous child outcomes, multiple linear regression was used. Covariate adjustments were examined as follows: model 1: field center, child age, sex, and pubertal status (Tanner stage 1, 2/3, 4/5) with sex by Tanner stage interaction terms, and maternal variables at pregnancy OGTT (age, height, mean arterial pressure, parity \[0, 1+\], smoking \[yes/no\], drinking alcohol \[yes/no\], gestational age), child's family history of diabetes in first-degree relatives; model 2: model 1 plus maternal BMI at pregnancy OGTT; model 3: model 1 plus child's BMI *z* score; model 4: model 1 plus maternal BMI at pregnancy OGTT plus child's BMI *z* score.

Child BMI *z* scores were calculated according to L (lambda), M (mu), and S (sigma) curves used by the International Obesity Task Force ([@B20]). Although the study was not powered to evaluate Tanner stage--specific associations, interaction terms between maternal glucose measures and Tanner stage were evaluated to explore potential variability in associations according to pubertal status. Exploratory association analyses were also performed within Tanner stage 1, 2/3, and 4/5 groups. Multiple imputation in the full data set that included measurements of sex steroid hormones in children was used to account for missing Tanner stage data. A "missing at random" assumption was used after confirming findings varied little under "missing not at random" ([@B14]). Logistic regression model fit was measured using C statistics and confirmed by Hosmer-Lemeshow goodness-of-fit tests. Linear regression model fit was assessed by scatterplots of residuals versus fitted values, histograms, and qqplots of residuals and DFBETA statistics. Adjusted *R*^2^ values were used to summarize variability explained in linear models. Quadratic terms and restricted cubic splines estimated with the *rms* R software package ([@B21]) were used to assess linearity assumptions. *P* values \<0.05 were considered statistically significant. All analyses were conducted in R 3.4.1 software ([@B22]).

To evaluate shapes of maternal PG values over the course of the OGTT, the R package *lcmm* ([@B23]) was used to estimate trajectories of fasting, 1-h, and 2-h maternal PG and identify groups of mothers with similar OGTT trajectories according to latent class analysis ([@B24]). Random effects were specified for linear, quadratic, and cubic terms for time to explore the best-fitting shape, and the number of similar trajectory groups was allowed to range from two to six. Unadjusted models and separate models adjusted for field center, maternal age, drinking status, smoking status, family history of diabetes, gestational age, height, mean arterial pressure, parity, and BMI at pregnancy OGTT were evaluated. Optimal trajectory shape, number of groups, and model adjustment were selected by criteria generally used in latent class analyses, including model convergence, Bayesian information criterion, and at least 2% membership in each latent class with posterior probabilities greater than 0.7 ([@B25],[@B26]).

Results {#s9}
=======

Participants {#s10}
------------

Characteristics of the 4,160 participating children during the HAPO FUS and their mothers during HAPO are reported in [Supplementary Table 1](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc18-2021/-/DC1). Mothers of children who did and did not participate (unable to contact or declined) in this study are compared in [Supplementary Table 2](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc18-2021/-/DC1) (weighted summaries). The mean age and frequency of GDM were 30.0 years and 14.9% and 29.1 years and 16.9% in mothers of children who did and did not participate, respectively. Mean BMI, FPG, 1-h, and 2-h PG during the HAPO OGTT and race/ethnicity were similar between groups.

Model Diagnostics {#s11}
-----------------

Hosmer-Lemeshow *P* values for logistic regression models ranged 0.53--0.96 for all outcomes, indicating reasonable model fit. C statistics for logistic regression models ranged 0.69--0.78, and *R*^2^ values ranged 0.05--0.39 for linear models. C statistics and *R*^2^ values changed little for each outcome for models 1--4, indicating that detected associations varied little across covariate adjustments. Colinearity was not a concern, with pairwise correlations ranging from 0 to 0.20 for model covariates. Residual plots indicated reasonable linearity. Confirming this, *P* values for quadratic terms and restricted cubic splines ranged 0.05--0.99, indicating no significant departure from linearity for all analyses. DFBETA statistics indicated no observations of undue influence.

Associations Between Continuous Maternal Glycemia and Continuous Child Glucose Outcomes {#s12}
---------------------------------------------------------------------------------------

Initial analyses examined associations of continuous maternal fasting, 1-h, and 2-h PG and the sum of glucose *z* scores during the pregnancy OGTT with measures of child glucose metabolism ([Table 1](#T1){ref-type="table"}). Maternal FPG was positively associated with child FPG, 30-min PG, the sum of glucose *z* scores, and A1C. Adjusting for maternal BMI and/or child BMI *z* score (models 2--4) had minimal effect on these associations. Maternal FPG was not associated with 1-h or 2-h child PG. In contrast, maternal 1-h and 2-h PG during the pregnancy OGTT and maternal sum of glucose *z* scores were positively associated with all child glucose measures and A1C in all models ([Table 1](#T1){ref-type="table"}). Adjusting for maternal BMI at pregnancy OGTT and/or child BMI *z* score at follow-up did not attenuate these associations.

###### 

Association of continuous maternal measures of glucose during pregnancy with child metabolic outcomes

                                                               Model 1                                                Model 2                                                 Model 3                                                 Model 4
  ------------------------------------------------------------ ------------------------------------------------------ ------------------------------------------------------- ------------------------------------------------------- -------------------------------------------------------
  Maternal fasting glucose[\*](#t1n1){ref-type="table-fn"}                                                                                                                                                                            
   Fasting glucose (mmol/L)                                    0.044 (0.033--0.056) *P* \< 0.001, *R*^2^ = 0.24       0.046 (0.034--0.058) *P* \< 0.001, *R*^2^ = 0.24        0.042 (0.031--0.054) *P* \< 0.001, *R*^2^ = 0.24        0.046 (0.034--0.058) *P* \< 0.001, *R*^2^ = 0.24
   30-min glucose (mmol/L)                                     0.055 (0.012--0.10) *P* = 0.013, *R*^2^ = 0.12         0.063 (0.019--0.11) *P* = 0.006, *R*^2^ = 0.12          0.052 (0.0083--0.096) *P* = 0.019, *R*^2^ = 0.12        0.064 (0.018--0.11) *P* = 0.006, *R*^2^ = 0.12
   1-h glucose (mmol/L)                                        0.0022 (−0.054 to 0.059) *P* = 0.93, *R*^2^ = 0.07     0.0.011 (−0.048 to 0.068) *P* = 0.73, *R*^2^ = 0.07     −0.0017 (−0.058 to 0.055) *P* = 0.96, *R*^2^ = 0.07     0.010 (−0.048 to 0.068) *P* = 0.73, *R*^2^ = 0.07
   2-h glucose (mmol/L)                                        0.032 (−0.0061 to 0.069) *P* = 0.10, *R*^2^ = 0.08     0.033 (−0.0061 to 0.073) *P* = 0.095, *R*^2^ = 0.08     0.019 (−0.018 to 0.057) *P* = 0.31, *R*^2^ = 0.09       0.032 (−0.0061 to 0.071) *P* = 0.10, *R*^2^ = 0.09
   Sum of glucose *z* scores                                   0.19 (0.10--0.27) *P* \< 0.001, *R*^2^ = 0.16          0.20 (0.11--0.29) *P* \< 0.001, *R*^2^ = 0.16           0.16 (0.08--0.25) *P* \< 0.001, *R*^2^ = 0.17           0.20 (0.11--0.29) *P* \< 0.001, *R*^2^ = 0.17
   A1C (%)                                                     0.014 (0.005--0.024) *P* = 0.003, *R*^2^ = 0.10        0.013 (0.003--0.022) *P* = 0.009, *R*^2^ = 0.10         0.012 (0.002--0.021) *P* = 0.01, *R*^2^ = 0.11          0.013 (0.003--0.023) *P* = 0.01, *R*^2^ = 0.11
   Matsuda index                                               −62.2 (−84.5 to −39.3) *P* \< 0.001, *R*^2^ = 0.23     −45.3 (−68.7 to −21.8) *P* \< 0.001, *R*^2^ = 0.23      −37.1 (−57.3 to −16.9) *P* \< 0.001, *R*^2^ = 0.38      −43.6 (−64.4 to −22.9) *P* \< 0.001, *R*^2^ = 0.38
   Insulinogenic index                                         0.028 (0.0042--0.052), *P* = 0.022, *R*^2^ = 0.06      0.014 (−0.011 to 0.039) *P* = 0.27, *R*^2^ = 0.06       0.0018 (−0.0053 to 0.042) *P* = 0.13, *R*^2^ = 0.08     0.013 (−0.011 to 0.037) *P* = 0.29, *R*^2^ = 0.08
   Disposition index                                           0.00 (−0.02 to 0.02) *P* = 0.76, *R*^2^ = 0.07         −0.01 (−0.03 to 0.01) *P* = 0.55, *R*^2^ = 0.07         0.00 (−0.02 to 0.02) *P* = 0.93, *R*^2^ = 0.07          −0.01 (−0.03 to 0.01) *P* = 0.56, *R*^2^ = 0.07
  Maternal 1-h glucose[\*](#t1n1){ref-type="table-fn"}                                                                                                                                                                                
   Fasting glucose (mmol/L)                                    0.025 (0.013--0.037) *P* \< 0.001, *R*^2^ = 0.23       0.024 (0.013--0.036) *P* \< 0.001, *R*^2^ = 0.23        0.023 (0.012--0.035) *P* \< 0.001, *R*^2^ = 0.23        0.024 (0.013--0.036) *P* \< 0.001, *R*^2^ = 0.23
   30-min glucose (mmol/L)                                     0.17 (0.13--0.21) *P* \< 0.001, *R*^2^ = 0.13          0.18 (0.13--0.22) *P* \< 0.001, *R*^2^ = 0.13           0.17 (0.13--0.21) *P* \< 0.001, *R*^2^ = 0.13           0.18 (0.13--0.22) *P* \< 0.001, *R*^2^ = 0.13
   1-h glucose (mmol/L)                                        0.20 (0.14--0.25) *P* \< 0.001, *R*^2^ = 0.08          0.20 (0.15--0.26) *P* \< 0.001, *R*^2^ = 0.08           0.19 (0.14--0.25) *P* \< 0.001, *R*^2^ = 0.08           0.20 (0.15--0.26) *P* \< 0.001, *R*^2^ = 0.08
   2-h glucose (mmol/L)                                        0.10 (0.063--0.14) *P* \< 0.001, *R*^2^ = 0.08         0.10 (0.063--0.14) *P* \< 0.001, *R*^2^ = 0.08          0.092 (0.055--0.13) *P* \< 0.001, *R*^2^ = 0.10         0.098 (0.061--0.14) *P* \< 0.001, *R*^2^ = 0.08
   Sum of glucose *z* scores                                   0.40 (0.31--0.48) *P* \< 0.001, *R*^2^ = 0.18          0.40 (0.32--0.49) *P* \< 0.001, *R*^2^ = 0.18           0.38 (0.30--0.47) *P* \< 0.001, *R*^2^ = 0.18           0.40 (0.31--0.49) *P* \< 0.001, *R*^2^ = 0.18
   A1C (%)                                                     0.019 (0.010--0.028) *P* \< 0.001, *R*^2^ = 0.11       0.018 (0.009--0.028) *P* \< 0.001, *R*^2^ = 0.11        0.017 (0.008--0.027) *P* \< 0.001, *R*^2^ = 0.12        0.018 (0.008--0.027) *P* \< 0.001, *R*^2^ = 0.12
   Matsuda index                                               −75.3 (−97.6 to −52.9) *P* \< 0.001, *R*^2^ = 0.23     −67.1 (89.5 to −44.7) *P* \< 0.001, *R*^2^ = 0.24       −59.9 (−79.64 to −39.8) *P* \< 0.001, *R*^2^ = 0.39     −62.2 (−82.4 to −42.0) *P* \< 0.001, *R*^2^ = 0.39
   Insulinogenic index                                         −0.034 (−0.58 to −0.01) *P* \< 0.001, *R*^2^ = 0.05    −0.042 (−0.066 to −0.018) *P* \< 0.001, *R*^2^ = 0.06   −0.041 (−0.065 to −0.018) *P* \< 0.001, *R*^2^ = 0.08   −0.045 (−0.068 to −0.021) *P* \< 0.001, *R*^2^ = 0.06
   Disposition index                                           −0.07 (−0.10 to −0.06) *P* \< 0.001, *R*^2^ = 0.08     −0.08 (−0.10 to −0.06), *P* \< 0.001, *R*^2^ = 0.08     −0.07 (−0.09 to −0.05) *P* \< 0.001, *R*^2^ = 0.08      −0.08 (−0.10 to −0.06) *P* \< 0.001, *R*^2^ = 0.08
  Maternal 2-h glucose[\*](#t1n1){ref-type="table-fn"}                                                                                                                                                                                
   Fasting glucose (mmol/L)                                    0.016 (0.0039--0.027) *P* = 0.008, *R*^2^ = 0.23       0.015 (0.0--39--0.027) *P* = 0.010, *R*^2^ = 0.23       0.014 (0.00028--0.026) *P* = 0.014, *R*^2^ = 0.23       0.014 (0.0033--0.026) *P* = 0.012, *R*^2^ = 0.23
   30-min glucose (mmol/L)                                     0.093 (0.051--0.14) *P* \< 0.001, *R*^2^ = 0.12        0.096 (0.053--0.14) *P* \< 0.001, *R*^2^ = 0.12         0.092 (0.050--0.13) *P* \< 0.001, *R*^2^ = 0.12         0.095 (0.053--0.14) *P* \< 0.001, *R*^2^ = 0.12
   1-h glucose (mmol/L)                                        0.14 (0.088--0.20) *P* \< 0.001, *R*^2^ = 0.07         0.15 (0.092--0.20) *P* \< 0.001, *R*^2^ = 0.07          0.14 (0.087--0.20) *P* \< 0.001, *R*^2^ = 0.07          0.15 (0.091--0.20) *P* \< 0.001, *R*^2^ = 0.07
   2-h glucose (mmol/L)                                        0.062 (0.024--0.10) *P* = 0.001, *R*^2^ = 0.08         0.062 (0.0.025--0.099) *P* = 0.001, *R*^2^ = 0.08       0.056 (0.0.019--0.092) *P* = 0.003, *R*^2^ = 0.10       0.059 (0.023--0.10) *P* = 0.002, *R*^2^ = 0.10
   Sum of glucose *z* scores                                   0.25 (0.16--0.34) *P* \< 0.001, *R*^2^ = 0.17          0.25 (0.16--0.34) *P* \< 0.001, *R*^2^ = 0.17           0.24 (0.15--0.33) *P* \< 0.001, *R*^2^ = 0.17           0.25 (0.16--0.33) *P* \< 0.001, *R*^2^ = 0.17
   A1C (%)                                                     0.011 (0.002--0.021) *P* = 0.02, *R*^2^ = 0.10         0.010 (0.0009--0.020) *P* = 0.03, *R*^2^ = 0.10         0.010 (0.0004--0.019) *P* = 0.04, *R*^2^ = 0.11         0.010 (0.0005--0.019) *P* = 0.04, *R*^2^ = 0.11
   Matsuda index                                               −52.4 (−74.7 to −30.0) *P* \< 0.001, *R*^2^ = 0.23     −46.4 (−68.2 to −24.0) *P* \< 0.001, *R*^2^ = 0.23      −40.4 (−60.0 to −20.2) *P* \< 0.001, *R*^2^ = 0.38      −41.5 (−61.6 to −21.8) *P* \< 0.001, *R*^2^ = 0.38
   Insulinogenic index                                         −0.018 (−0.042 to 0.0048) *P* = 0.12, *R*^2^ = 0.05    −0.024 (−0.048 to −0.0059) *P* = 0.046, *R*^2^ = 0.06   −0.024 (−0.048 to −0.0012) *P* = 0.040, *R*^2^ = 0.08   −0.026 (−0.049 to −0.0030) *P* = 0.026, *R*^2^ = 0.08
   Disposition index                                           −0.05 (−0.07 to −0.03) *P* \< 0.001, *R*^2^ = 0.07     −0.05 (−0.07 to −0.03) *P* \< 0.001, *R*^2^ = 0.07      −0.07 (−0.07 to −0.03) *P* \< 0.001, *R*^2^ = 0.07      −0.05 (−0.07 to −0.03) *P* \< 0.001, *R*^2^ = 0.08
  Maternal sum of glucose *z* scores                                                                                                                                                                                                  
   Fasting glucose (mmol/L)                                    0.016 (0.011--0.021) *P* \< 0.001, *R*^2^ = 0.23       0.013 (0.011--0.021) *P* \< 0.001, *R*^2^ = 0.23        0.015 (0.010--0.019) *P* \< 0.001, *R*^2^ = 0.24        0.015 (0.011--0.021) *P* \< 0.001, *R*^2^ = 0.24
   30-min glucose (mmol/L)                                     0.059 (0.041--0.078) *P* \< 0.001, *R*^2^ = 0.12       0.063 (0.044--0.082) *P* \< 0.001, *R*^2^ = 0.12        0.058 (0.040--0.077) *P* \< 0.001, *R*^2^ = 0.12        0.063 (0.044--0.082) *P* \< 0.001, *R*^2^ = 0.13
   1-h glucose (mmol/L)                                        0.064 (0.040--0.088) *P* \< 0.001, *R*^2^ = 0.07       0.069 (0.044--0.093) *P* \< 0.001, *R*^2^ = 0.07        0.062 (0.039--0.086) *P* \< 0.001, *R*^2^ = 0.07        0.068 (0.044--0.092) *P* \< 0.001, *R*^2^ = 0.07
   2-h glucose (mmol/L)                                        0.036 (0.020--0.052) *P* \< 0.001, *R*^2^ = 0.08       0.037 (0.021--0.053) *P* \< 0.001, *R*^2^ = 0.08        0.031 (0.015--0.047) *P* \< 0.001, *R*^2^ = 0.10        0.036 (0.020--0.052) *P* \< 0.001, *R*^2^ = 0.10
   Sum of glucose *z* scores                                   0.15 (0.12--0.19) *P* \< 0.001, *R*^2^ = 0.17          0.16 (0.12--0.20) *P* \< 0.001, *R*^2^ = 0.17           0.15 (0.11--0.18) *P* \< 0.001, *R*^2^ = 0.18           0.16 (0.12--0.20) *P* \< 0.001, *R*^2^ = 0.18
   A1C (%)                                                     0.008 (0.004--0.012) *P* \< 0.001, *R*^2^ = 0.11       0.008 (0.004--0.012) *P* \< 0.001, *R*^2^ = 0.11        0.007 (0.003--0.012) *P* \< 0.001, *R*^2^ = 0.12        0.008 (0.004--0.012) *P* \< 0.001, *R*^2^ = 0.12
   Matsuda index                                               −34.9 (−44.7 to −25.6) *P* \< 0.001, *R*^2^ = 0.23     −30.0 (−39.3 to −20.2) *P* \< 0.001, *R*^2^ = 0.24      −25.6 (−33.8 to −16.9) *P* \< 0.001, *R*^2^ = 0.38      −27.8 (−36.5 to −19.1) *P* \< 0.001, *R*^2^ = 0.38
   Insulinogenic index                                         −0.0048 (−0.015 to 0.0053) *P* = 0.34, *R*^2^ = 0.05   −0.010 (−0.021 to 0.00) *P* = 0.047, *R*^2^ = 0.052     −0.089 (−0.019 to 0.0012) *P* = 0.081, *R*^2^ = 0.08    −0.011 (−0.021 to 0.0012) *P* = 0.031, *R*^2^ = 0.08
   Disposition index                                           −0.02 (−0.03 to −0.2) *P* \< 0.001, *R*^2^ = 0.08      −0.03 (−0.03 to −0.02) *P* \< 0.001, *R*^2^ = 0.08      −0.02 (−0.03 to −0.01) *P* \< 0.001, *R*^2^ = 0.08      −0.03 (−0.03 to 0.02) *P* \< 0.001, *R*^2^ = 0.08
  Dichotomous child metabolic outcomes                         OR (95% CI) *P* value, C statistic                     OR (95% CI) *P* value, C statistic                      OR (95% CI) *P* value, C statistic                      OR (95% CI) *P* value, C statistic
  Maternal fasting glucose[\*\*](#t1n2){ref-type="table-fn"}                                                                                                                                                                          
   IFG                                                         1.22 (1.07--1.39) *P* = 0.003, C = 0.78                1.23 (1.07--1.40) *P* = 0.003, C = 0.78                 1.21 (1.06--1.38) *P* = 0.004, C = 0.78                 1.22 (1.07--1.40) *P* = 0.003, C = 0.78
   IGT                                                         1.10 (0.96--1.27) *P* = 0.19, C = 0.69                 1.12 (0.97--1.30) *P* = 0.13, C = 0.69                  1.08 (0.94--1.25) *P* = 0.28, C = 0.70                  1.12 (0.97--1.30) *P* = 0.13, C = 0.70
  Maternal 1-h glucose[\*\*](#t1n2){ref-type="table-fn"}                                                                                                                                                                              
   IFG                                                         1.12 (0.98--1.27) *P* = 0.084, C = 0.78                1.12 (0.98--1.27) *P* = 0.089, C = 0.78                 1.11 (0.98--1.27) *P* = 0.10, C = 0.78                  1.12 (0.98--1.27) *P* = 0.097, C = 0.78
   IGT                                                         1.40 (1.22--1.61) *P* \< 0.001, C = 0.70               1.42 (1.23--1.63) *P* \< 0.001, C = 0.70                1.39 (1.21--1.60) *P* \< 0.001, C = 0.71                1.42 (1.23--1.63) *P* \< 0.001, C = 0.71
  Maternal 2-h glucose[\*\*](#t1n2){ref-type="table-fn"}                                                                                                                                                                              
   IFG                                                         1.08 (0.95--1.23) *P* = 0.24, C = 0.78                 1.08 (0.95--1.23) *P* = 0.25, C = 0.78                  1.07 (0.94--1.22) *P* = 0.28, C = 0.78                  1.08 (0.94--1.22) *P* = 0.27, C = 0.78
   IGT                                                         1.17 (1.02--1.34) *P* = 0.025, C = 0.69                1.17 (1.02--1.34) *P* = 0.021, C = 0.69                 1.16 (1.01--1.33) *P* = 0.034, C = 0.70                 1.17 (1.02--1.34 *P* = 0.023, C = 0.70
  Maternal sum of glucose *z* scores                                                                                                                                                                                                  
   IFG                                                         1.07 (1.01--1.13) *P* = 0.013, C = 0.78                1.07 (1.01--1.13) *P* = 0.013, C = 0.78                 1.07 (1.01--1.14) *P* = 0.018, C = 0.78                 1.07 (1.01--1.13) *P* = 0.015, C = 0.78
   IGT                                                         1.11 (1.05--1.18) *P* \< 0.001, C = 0.70               1.12 (1.06--1.19) *P* \< 0.001, C = 0.70                1.10 (1.04--1.17) *P* \< 0.001, C = 0.70                1.12 (1.05--1.19) *P* \< 0.001, C = 0.71

Model 1: Adjusted for field center + child age, sex, pubertal status (Tanner stage 1, 2/3, 4/5, sex × Tanner stage interaction) + maternal variables at pregnancy OGTT (age, height, mean arterial pressure, parity \[0, 1+\], smoking \[yes/no\], drinking \[yes/no\], gestational age), child's family history of diabetes in first-degree relatives. Model 2: model 1 + maternal BMI at pregnancy OGTT. Model 3: model 1 + child's BMI *z* score. Model 4: model 1 + maternal BMI at pregnancy OGTT + child's BMI *z* score.

\*β-Values for child continuous outcomes are reported for maternal fasting, 1-h, and 2-h glucose values higher by 1 SD.

\*\*ORs are reported for maternal fasting, 1-h, and 2-h glucose values higher by 1 SD.

Regarding child insulin resistance, continuous maternal FPG, 1-h and 2-h PG, and the sum of glucose *z* scores were inversely associated with child Matsuda index (i.e., associated with greater insulin resistance) ([Table 1](#T1){ref-type="table"}). Adjusting for maternal BMI or child BMI *z* score in models 2--4 attenuated associations with the Matsuda index, but all associations remained significant. Regarding child insulin secretion, maternal FPG was not associated with the insulinogenic index after adjusting for maternal BMI and/or child BMI *z* score (models 2--4). However, maternal 1-h PG was inversely associated with the child insulinogenic index in all models, and maternal 2-h PG was inversely associated with the insulinogenic index after adjusting for child BMI *z* score alone or together with maternal BMI (models 3 and 4). Maternal sum of glucose *z* scores was inversely associated with child insulinogenic index only after adjusting for maternal BMI alone or together with child BMI *z* score (models 2 and 4). Regarding child β-cell function, maternal FPG was not significantly associated with disposition index, but maternal 1-h and 2-h glucose and the sum of OGTT *z* scores were inversely associated with the child disposition index in all four models. Although interaction terms between maternal glucose levels and Tanner stage were not statistically significant, exploratory analyses within the Tanner stage suggested some associations may be strongest after onset of puberty ([Supplementary Table 3](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc18-2021/-/DC1)).

Associations Between Continuous Maternal Glycemia and Dichotomous Child Glucose Outcomes {#s13}
----------------------------------------------------------------------------------------

Associations of continuous maternal FPG, 1-h, and 2-h PG and the sum of glucose *z* scores from the maternal OGTT with child IFG and IGT were examined next ([Table 1](#T1){ref-type="table"}). Maternal FPG and maternal sum of glucose *z* scores during pregnancy were associated with child IFG. Neither maternal 1-h nor 2-h PG was associated with child IFG. In contrast, maternal FPG was not associated with child IGT, but maternal 1-h and 2-h PG and the sum of glucose *z* scores were associated with IGT. Adjustment for maternal BMI and/or child BMI *z* score did not attenuate observed associations. Interaction terms between maternal glucose levels and Tanner stage were not statistically significant, but exploratory analyses within Tanner stage again suggested associations may be strongest for IGT after onset of puberty ([Supplementary Table 4](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc18-2021/-/DC1)).

Associations Between Categorical Maternal Glycemia and Child Glucose Outcomes {#s14}
-----------------------------------------------------------------------------

Subsequent analyses examined individual child glucose and A1C levels during the HAPO FUS OGTT across categories of maternal FPG, 1-h, and 2-h PG during pregnancy. The highest maternal glucose category at each time point represents the threshold for GDM diagnosis using IADPSG criteria. Means of child fasting, 30-min, 1-h, and 2-h PG, A1C, and the sum of glucose *z* scores were generally higher across increasing categories of maternal fasting, 1-h, and 2-h PG during pregnancy. Differences in group means adjusted for model 1--4 covariates confirmed linear trends ([Fig. 1](#F1){ref-type="fig"} and [Supplementary Table 5](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc18-2021/-/DC1)).

![Child glucose levels across categories of maternal glucose levels. Mean levels of child fasting (*A*), 30-min (*B*), 1-h (*C*), and 2-h (*D*) glucose levels, sum of glucose *z* scores (*E*) and A1C (*F*) across categories of fasting, 1-h, and 2-h PG are shown. Glucose categories are defined as follows: fasting PG level---category 1, \<4.2 mmol/L; category 2, 4.2--4.4 mmol/L; category 3, 4.5--4.7 mmol/L; category 4, 4.8--5.0 mmol/L; and category 5, ≥5.1 mmol/L; 1-h PG level---category 1, ≤5.8 mmol/L; category 2, 5.9--7.3 mmol/L; category 3, 7.4--8.6 mmol/L; category 4, 8.7--9.9 mmol/L; and category 5, ≥10.0 mmol/L; and 2-h PG level---category 1, ≤5.0 mmol/L; category 2, 5.1--6.0 mmol/L; category 3, 6.1--6.9 mmol/L; category 4, 7.0--8.4 mmol/L; and category 5, ≥8.5 mmol/L.](dc182021f1){#F1}

Child insulin sensitivity and disposition index decreased across categories of maternal fasting, 1-h, and 2-h PG during the pregnancy OGTT ([Fig. 2](#F2){ref-type="fig"}). Adjusted mean differences in models 1--4 confirmed linear trends between maternal glucose predictors and these child outcomes ([Supplementary Table 6](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc18-2021/-/DC1)). There was no clear pattern for child insulinogenic index across maternal glucose categories.

![Child glucose outcomes across categories of maternal glucose levels. The frequency of childhood IFG (*A*) and IGT (*B*) and means of the Matsuda index (*C*), insulinogenic index (*D*), and disposition index (*E*) across categories of fasting, 1-h, and 2-h PG is shown. Glucose categories are defined as follows: fasting PG level---category 1, \<4.2 mmol/L; category 2, 4.2--4.4 mmol/L; category 3, 4.5--4.7 mmol/L; category 4, 4.8--5.0 mmol/L; and category 5, 5.1 mmol/L or more; 1-h PG level---category 1, 5.8 mmol/L or less; category 2, 5.9--7.3 mmol/L; category 3, 7.4--8.6 mmol/L; category 4, 8.7--9.9 mmol/L; and category 5, ≥10.0 mmol/L; and 2-h PG level---category 1, ≤5.0 mmol/L; category 2, 5.1--6.0 mmol/L; category 3, 6.1--6.9 mmol/L; category 4, 7.0--8.4 mmol/L; and category 5, ≥8.5 mmol/L.](dc182021f2){#F2}

The frequency of child IFG increased, in general, across maternal glucose categories with a doubling in frequency across the lowest and highest categories of maternal FPG (4.9% vs. 10.5%) ([Fig. 2](#F2){ref-type="fig"} and [Supplementary Table 7](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc18-2021/-/DC1)). All categories of maternal FPG were significantly associated with child IFG in the fully adjusted model (model 4). Maternal 1-h PG levels were not associated with child IFG. For maternal 2-h PG, the middle three categories were significantly different from the lowest reference category with similar odds ratios (ORs). The highest category of maternal 2-h PG was not significantly different from the reference category.

The frequency of child IGT was higher across increasing categories of maternal glucose, consistent with the linear associations confirmed in logistic regression models ([Fig. 2](#F2){ref-type="fig"}). The highest categories of maternal FPG and 2-h PG demonstrated significant differences relative to the lowest reference categories. For maternal 1-h PG, the three highest categories of maternal 1-h PG were significantly different from the lowest reference category ([Supplementary Table 7](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc18-2021/-/DC1)).

Maternal OGTT Glucose Trajectories and Childhood Glucose Outcomes {#s15}
-----------------------------------------------------------------

Trajectory analyses were performed to identify associations of overall maternal glucose response patterns during the HAPO OGTT with child outcomes. Analyses indicated best fit of quadratic trajectories adjusted for maternal BMI at OGTT with three estimated latent classes ([Fig. 3](#F3){ref-type="fig"}). The largest class, class A, included 87.8% (3,652 of 4,160) of HAPO maternal OGTTs and reflects normal glucose tolerance. A second class, class B, included 9.0% (376 of 4,160) of HAPO OGTTs with high 1-h and 2-h PG values. Class C included 3.2% (132 of 4,160) of HAPO OGTTs with high 1-h PG and marked decline at 2-h. Estimated glucose response classes demonstrated associations with child IGT with ORs (95% CI) of 1.81 (1.23--2.68, *P* = 0.0026) for class B versus A and 2.24 (1.25--4.01, *P* = 0.0065) for class C versus A, after adjustment for model 4 covariates. Although the CIs for classes B and C relative to class A overlapped, OR estimates indicated a possible trend of higher risk of IGT for children with maternal pregnancy OGTT trajectories in class C. Trajectory classes were not associated with child IFG.

![Estimated latent class trajectories of maternal glucose levels from the HAPO OGTT during pregnancy. Best fit trajectories included a quadratic term and adjustment for maternal BMI during pregnancy and estimated three latent classes: class A (87.8% \[3,652 of 4,160\]), class B (9.0% \[376 of 4,160\]), and class C (3.2% \[132 of 4,160\]). OR (95% CIs) for IGT, in addition to maternal pregnancy BMI already included in trajectory estimates, included adjustments for all other model 4 covariates.](dc182021f3){#F3}

Conclusions {#s16}
===========

We recently demonstrated association of GDM based on IADPSG criteria with child glucose levels, insulin sensitivity, disposition index, and frequency of IGT ([@B11]). The current study demonstrates that the relationship between maternal glucose levels during pregnancy and child glucose levels and related outcomes was generally linear across the spectrum of glucose levels, including levels below those diagnostic of GDM. This included a positive relationship of maternal FPG and the sum of glucose *z* scores during the pregnancy OGTT with child FPG and IFG and of maternal 1-h and 2-h PG, A1C, and the sum of glucose *z* scores with child IGT and glucose levels during the child OGTT. Maternal 1-h and 2-h PG and the sum of glucose *z* scores also exhibited a continuous inverse relationship with child insulin sensitivity and disposition index. This is similar to the continuous relationship between maternal glucose levels during pregnancy and newborn outcomes demonstrated in HAPO ([@B12]) and to a related analysis in the HAPO FUS cohort demonstrating higher frequencies of childhood obesity and measures of adiposity across increasing categories of maternal fasting, 1-h, and 2-h PG during the HAPO pregnancy ([@B27]). A positive association of maternal third trimester postchallenge glucose levels in Pima Indians with offspring fasting and 2-h glucose levels at ages 10--14 years and type 2 diabetes as young adults has also been reported ([@B10]). Together, these results could have important implications for target maternal glucose levels during pregnancy in the setting of GDM or other metabolic disturbances.

Child adiposity, which is partly dependent on maternal adiposity ([@B28],[@B29]), affects insulin sensitivity and glucose metabolism ([@B30]). However, adjustment for maternal BMI and/or child BMI *z* score did not attenuate associations of maternal glucose levels with child glucose outcomes, except for insulin sensitivity, although this association also remained significant after adjustment. These findings stand in contrast to marked attenuation of the association of GDM with child adiposity outcomes, including obesity, after adjusting for maternal BMI in the HAPO FUS cohort ([@B14]). Associations of maternal glucose with child glucose outcomes were also independent of the child's family history of diabetes, although the associations of maternal FPG with child FPG and IFG and maternal 1-h and 2-h PG with child IGT suggest that shared genetics not captured by family history may have contributed to the associations. Beyond the contributions of shared genetics and postnatal environmental factors, the data are also consistent with a potential contribution of fetal programming.

The association of maternal glucose levels with child glucose outcomes was most evident for insulin sensitivity and disposition index compared with insulin secretion. The inverse association with child insulin sensitivity is consistent with previous studies demonstrating an association of maternal diabetes with child insulin resistance ([@B31],[@B32]). The inverse association of maternal glucose levels with the child disposition index represents inadequate β-cell compensation for the insulin resistance in children exposed to higher levels of glucose in utero. In children, insulin resistance is an early finding in those with abnormal glucose metabolism ([@B33]), whereas children and adults with a low disposition index are most likely to progress to type 2 diabetes ([@B19],[@B34]--[@B38]). Thus, children exposed in utero to higher levels of glucose may be at higher risk for progression to type 2 diabetes over time.

Using trajectory analyses to examine associations of glucose response patterns during the pregnancy OGTT with offspring outcomes was novel. A recent analysis of glucose levels during an OGTT in nonpregnant adults identified groups with trajectory classes similar to the three classes identified here ([@B39]). Individuals with curves similar to class C had lower first-phase insulin secretion and insulin sensitivity but greater insulin secretion overall. Individuals with a curve similar to class B were most insulin resistant and had impaired insulin secretion. A second study of nonpregnant adults showed that those with a curve similar to class C had a higher risk of future type 2 diabetes compared with those with a curve similar to class A ([@B40]), whereas those with a curve similar to class B had an even higher risk of type 2 diabetes as well as future cardiovascular disease. These data are consistent with the higher risk for IGT in offspring of women in classes B and C observed in the current study. The long-term type 2 diabetes risk associated with a pattern similar to class C and risk for child IGT with high 1-h PG observed in the current study demonstrate the importance of the maternal 1-h glucose level separate from other values and provide a rationale for its inclusion during the pregnancy OGTT.

This study has several strengths. First, HAPO was a blinded observational study in which both caregivers and mothers were not aware of maternal glucose levels, and thus, child outcomes were not confounded by treatment of maternal hyperglycemia. Second, HAPO included mothers with glucose values during pregnancy across the spectrum of maternal glycemia lower than those diagnostic of diabetes. Third, the HAPO and HAPO FUS cohorts included participants from multiple races and ethnicities around the world, making the results broadly applicable.

There are some limitations. First, the proportion of participants who met IADPSG GDM criteria and participated in the HAPO FUS (weighted estimate 14.9%) is lower than in all eligible participants (16.2%). Second, we were unable to completely diagnose IGT in all participants because of some missing 2-h PG measurements. Participants missing a 2-h PG value who had a normal FPG were defined as normal; thus, the number of individuals with IGT may have been underestimated. Third, participants with fasting and/or 2-h OGTT PG values during the HAPO pregnancy that were above predefined thresholds were unblinded during HAPO and excluded from the HAPO FUS. This subgroup (1.8% of the HAPO cohort) would likely include children at highest risk of altered glucose metabolism. Fourth, paternal BMI data were not available, and paternal diabetes data were limited to family history. Finally, the study was not powered to examine Tanner stage--specific associations.

In summary, the current study demonstrates that maternal glucose levels during pregnancy across the spectrum are associated with higher glucose levels and insulin resistance during childhood independent of maternal and child BMI and family history of diabetes and that this relationship is continuous. Although the underlying causes for the increasing prevalence of type 2 diabetes in children are complex, these findings suggest that maternal glycemia may also contribute.
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